The trajectory, or slope, of cognitive decline may provide differentiation of older adults with and without incipient neurodegenerative disease. Cognitive aging phenotypes based on memory trajectories could be used as outcome measures for clinical trials or observational studies of risk and protective factors for dementia. This study used growth mixture modeling (GMM) to identify trajectory groups based on age-and education-corrected composite memory scores derived from immediate, delayed and recognition trials of the Selective Reminding Test. Participants included 2593 participants initially without dementia (mean age at entry = 76) in a community-based study of aging and dementia in northern Manhattan. Trajectory groups were compared on consensus diagnoses of dementia and structural MRI measures of hippocampal volume and entorhinal cortical thickness. Heterogeneity in memory trajectories allowed us to identify four groups: Stable-High (43.5 %), Stable-Low (17.1 %), Decliner (26.8 %), and Rapid Decliner (12.5 %). Decliners had more brain atrophy and higher rates of conversion to dementia. This study highlights the heterogeneity in cognitive aging and provides evidence that most elderly maintain memory function as they age. Associations with dementia and imaging measures validate subgroups of older adults identified with GMM based on their memory trajectories. Future research should use these memory trajectory phenotypes to determine whether dementia risk and protective factors differ for individuals following different memory trajectories.
Introduction
Identifying the preclinical phase of late onset Alzheimer's disease (LOAD) has been a major focus of contemporary research. Over 25 % of older adults have brain pathology consistent with LOAD but appear to be clinically normal [1, 2] . A recent investigation of older adults who were clinically normal during life determined that the trajectory, or slope of decline, in cognitive performance differentiated those who had pathology consistent with LOAD at death from those who did not [2] . The authors of that report concluded that ''subtle cognitive changes in the preclinical stage of LOAD may be more readily determined by changes over time compared to the person's baseline rather than differences compared to population norms''. Understanding variables associated with the decline or stability of cognitive function can help to identify factors that increase risk or protect against the development of LOAD and facilitate the development of interventions for high-risk individuals. In addition to providing an early marker of LOAD risk, change in cognitive functioning represents an important clinical outcome unto itself.
Previous research has shown that growth mixture modeling can be used to identify groups of older adults based on longitudinal cognitive trajectories [3, 4] . Further, resultant subgroups differ in terms of Alzheimer's neuropathology measured post-mortem [3] . However, previous studies have not investigated whether trajectory groups reflect underlying disease processes measured concurrently, as through serial neuroimaging. In addition, it is not known how well subgroups based on longitudinal cognitive trajectories correspond to clinical diagnoses of dementia.
We tested the hypothesis that at least two subgroups of older adults with stable or declining cognitive trajectories could be identified from longitudinal data. The specific goals of this study were to (1) identify groups of older adults based on individual differences in longitudinal memory trajectories; (2) validate resultant trajectory groups using dementia conversion rates and MRI measures of brain atrophy. Investigators have identified structural brain changes, measured using magnetic resonance imaging (MRI), as important biomarkers in the study of cognitive aging and preclinical LOAD [5] . This approach to cognitive aging phenotypes based on memory trajectories could be used as an outcome measure for clinical trials or observation studies of risk and protective factors for dementia.
Methods

Participants and setting
Data were included from persons without dementia initially who participated in at least two visits of the Washington Heights Inwood Columbia Aging Project (WHICAP), a prospective, community-based study of aging and dementia among Medicare-eligible adults aged 65 years and older residing in Northern Manhattan. Recruitment occurred at two time points, one beginning in 1992 (N = 1150) and the other in 1999 (N = 1443). Briefly, for both cohorts, a stratified random sample of 50 % of individuals aged 65 and older residing in Northern Manhattan was obtained from the Health Care Finance Administration. The sampling strategies and recruitment outcomes of these two cohorts have been described in detail elsewhere [6] . Participants have subsequently been followed at approximately 18-24 month intervals with similar assessments. The current study examined participants with up to five assessments over an average of 6.0 years (SD = 3.1 years). Recruitment, informed consent and study procedures were approved by the Institutional Review Boards at Columbia University.
Neuropsychological testing
Participants underwent an in-person evaluation at baseline and each follow-up visit, including full medical and neurological examination and neuropsychological testing in English or Spanish. Episodic memory was the primary cognitive domain examined in this study, based on previous research that demonstrated the sensitivity of episodic memory to LOAD risk and progression [7] . Episodic memory was quantified as composite scores of total immediate recall, delayed recall, and delayed recognition trials from the Selective Reminding Test [8] . Each of these three variables measured at each occasion was standardized using means and standard deviations from the entire WHICAP sample at baseline. Composite scores were computed by averaging the standardized scores at each occasion. Variables included in this memory composite were identified through a previously-published factor analysis of the WHICAP neuropsychological battery [9] . Scores were then rescaled to a T-score metric with mean 50 and standard deviation 10.
Diagnosis of dementia and Alzheimer's disease
Diagnosis of dementia was established by a review of all available clinical information (not including radiological data) and was based on standard criteria. Following each clinical evaluation, a consensus conference reviewed available data to assign a research diagnosis. First, a diagnosis of dementia [10] was made, and then the type was determined based on research criteria for probable or possible AD, [11] Lewy body dementia, [12] vascular dementia, [13] and other dementias.
Structural magnetic resonance imaging
Structural MRI scans were available for a subset of 701 participants from the cohort chosen because they had no evidence of dementia and could tolerate the brain MRI [14] . These participants were younger (74.4 versus 76.6 years) and had more education (10.7 versus 9.5 years) than the 1892 participants who did not undergo MRI, but they did not differ in proportion of women, African Americans, or Hispanics. The MRI occurred 5.8 years after the baseline cognitive assessment (SD = 3.0 years). Images were obtained on a 1.5T Philips Intera scanner as previously described [14, 15] . T1-weighted (repetition time = 20 ms, echo time = 2.1 ms, field of view 240 cm, 256 9 160 matrix, 1.3 mm slice thickness) and T2-weighted fluid attenuated inversion recovery (FLAIR; repetition time = 11,000 ms, echo time = 144.0 ms, inversion time = 2800, field of view 25 cm, 2 nex, 256 9 192 matrix with 3 mm slice thickness) images were acquired in the axial orientation. Total intracranial volume, total hippocampal volume across hemispheres, and mean entorhinal cortical thickness across hemispheres were quantified with FreeSurfer version 5.1 (http://surfer.nmr. mgh.harvard.edu/) using T1-weighted images. Follow-up MRI scans were available for 297 participants (mean interval between occasions = 4.6 years; SD = 0.8). These participants were more likely to have been followed longer than the sample-average of 6 years, were younger (73.7 versus 74.9 years), and had more education (11.1 versus 10.4 years) than the 402 participants who did not have a follow-up MRI, but they did not differ in proportion of women, African Americans, or Hispanics. The FreeSurfer longitudinal pipeline was used for participants with followup scans.
Statistical analysis
Descriptive statistics and group comparisons were conducted in SPSS 22. Growth mixture modeling (GMM) was conducted in Mplus 7. We identified groups of older adults based on longitudinal memory trajectories using GMM of episodic memory scores obtained at baseline and up to 4 follow-up visits. Sample sizes were: 2593, 2593, 2040, 1464, and 938 for the five occasions. Of the 1655 participants who did not finish the study, 34.7 % were confirmed to have died prior to their next scheduled visit. Missing data were managed with full information maximum likelihood.
In order to identify differences and changes in episodic memory trajectories above and beyond those expected based on education and age, we first corrected all the memory scores using a regression model. Specifically, a regression of baseline memory score on baseline age, education, age 9 education and a cubic polynomial of education (included to capture non-linear education-memory relationship) was performed, and the resulting equation was used to adjust the baseline and all follow-up measurements. The equation was: age/education-corrected memory score = original memory score -(70.6979 -0.2510 9 age -0.0068 9 age 9 education ? 1.0824 9 education ? 0.0169 9 education 2 -0.0020 9 education 3 ), where age is age at the particular visit, and education is years of education centered at grade 9. As a result, an age/education-corrected memory score of zero indicates the person has memory equal to what would be expected for their age and education, while values greater (or less) than 0 indicate higher (or lower) than expected. The units of the corrected scores are the same as the original memory score; hence slopes (i.e., rates of decline) are expressed in T-score metric. To identify trajectory groups, we fit GMMs to the age/education-corrected memory scores with linear time trends that accommodated individual differences in time between visits. Bayesian Information Criterion (BIC) of GMMs with different numbers of latent classes was examined to determine the optimal number of trajectory classes.
To validate the resultant trajectory groups, rates of dementia conversion across groups were compared using Cox regression, controlling for age, sex, education and race/ethnicity. To validate the trajectory groups in the subset of 701 participants with an initial structural MRI, we compared total hippocampal volume and mean entorhinal cortical thickness across groups using analyses of variance (ANOVA), controlling for age, sex and total intracranial volume. In the subset of 297 participants with a second MRI, we compared rates of change in total hippocampal volume and mean entorhinal cortical thickness across groups using repeated-measures ANOVA, controlling for age, sex and total intracranial volume. Demographic differences between groups were characterized using unadjusted ANOVA for continuous variables and Chi square tests for categorical variables.
Results
Identifying memory trajectory groups
Models estimating one, two or three classes produced BIC values of 59,603.3, 59,390.0 and 59,395.1, respectively. Memory trajectories were most parsimoniously summarized (i.e., smallest BIC) by two classes: ''Stable'' (74.7 %) and ''Decliner'' (25.3 %). On average, participants in the ''Stable'' group scored above the sample-average by 0.79 T-score points at baseline and exhibited a decline of 0.12 Tscore points per year. Participants in the ''Decliner'' group scored below the sample-average by -2.01 T-score points at baseline and exhibited a decline of 1.43 T-score points per year. There were substantial individual differences in trajectories within class, as shown in Fig. 1 . Specifically, the intercepts varied significantly (''Stable'': p \ 0.001; ''Decliner'': p \ 0.001) in both classes, and there were significant individual differences in slopes (i.e., rates of decline) within the ''Decliner'' class (p \ 0.001).
Given the substantial individual variability within the two-class model, we sought to establish more homogeneous groups for validation and characterization. Specifically, the two classes differed in both baseline cognitive level and rate of cognitive decline, disallowing comparisons between groups with similar baseline cognition but differing rates of change or between groups with similar rates of cognitive change but differing baseline cognition. Therefore, these classes were further refined into four groups based on the following criteria: (1) ''Stable-High'': C80 % probability of being in the stable class and intercept C0 (43.5 %) indicating above average memory at baseline; (2) ''Stable-Low'': C80 % probability in stable class and intercept \0 (17.1 %) indicating below average memory at baseline; (3) ''Decliner'': \80 % probability in stable class and slope C-1 T-score point per year (26.8 %) and (4) ''Rapid Decliner'': \80 % probability in stable class and slope \-1 T-score point per year (12.5 %). The cut-off of greater than or less than 1 T-score point per year to delineate the two decliner groups was chosen due to its simplicity for dissemination as a clinical recommendation. We chose to delineate between the stable and decliner groups conservatively requiring [80 % probability of being in the stable class (from the GMM posterior probability estimates) before identifying individuals as stable. Note that this scheme resulted in only 60.6 % (43.5 ? 17.1 %) of individuals being labeled as stable in comparison to the 74.7 % identified as stable from the twoclass GMM if the more common [50 % posterior probability rule is used. Figure 2 shows average trajectories for these four groups. Table 1 shows characteristics of the four groups. Specifically, the two stable groups were significantly younger than both groups of decliners, and the ''RapidDecline'' group was 1 year older than the ''Decline'' group, on average. There was a lower proportion of women in the ''Stable-Low'' group, compared to the ''Stable-High'' group. The ''Stable-High'' group had attained more education than the two groups of decliners. The two stable groups comprised lower proportions of African Americans than both groups of decliners. There were more Hispanic older adults in the ''Stable-Low'' group, compared to the ''Stable-High'' and ''Decline'' groups.
Validating memory trajectory groups
As expected, the frequency of conversion to dementia differed across the four groups (V 2 (3) = 626.61; p \ 0.001, Table 1 ). Results of survival analysis adjusting for age, sex, education, and race/ethnicity confirmed different conversion rates, with Rapid Decliners showing the fastest rates, followed by Decliners, Stable-Low, and Stable-High (Fig. 3) . Among cases of dementia, 93 % met criteria for LOAD [11] . Other cases met criteria for other dementias (e.g., Lewy body dementia).
Adjusting for age, sex, and total intracranial volume, hippocampal volume and entorhinal cortical thickness at both time points differed across groups, with ''Rapid Decliners'' showing the lowest values (see Table 1 ). Adjusting for age, sex and total intracranial volume, the rate of hippocampal atrophy across the two MRI sessions was greatest among the two declining groups, compared with the two stable groups (F (3, 288) = 4.824, p = 0.003). Figure 4 shows rates of hippocampal atrophy by trajectory group. Similarly, the rate of entorhinal cortical thinning was greatest among the two declining groups, compared with the two stable groups, independent of age, sex and total intracranial volume (F (3, 288) = 4.087, p = 0.007). 
Discussion
This study identified and validated four groups of initially cognitively healthy older adults based on memory trajectories over an average of 6 years. Two groups remained cognitively stable over time, and two groups showed declining memory scores over time. Evidence for the existence of four groups highlights the heterogeneity in cognitive aging. Our finding that a large segment of older adults (60.6 %) were best characterized as having stable memory performance indicates that most older adults are able to maintain cognitive stability with age, consistent with previous analyses [3, 4] . As expected, the four memory trajectory groups differed in rates of conversion to dementia and LOAD, specifically, confirming that memory trajectory is an excellent indicator of clinical disease. Among the subset of 701 participants who underwent structural MRI, the four memory trajectory groups showed different hippocampal volumes and entorhinal cortical thicknesses. Among the subset of 297 participants who underwent serial structural MRI, the four memory trajectory groups showed different rates of hippocampal and entorhinal cortical atrophy. Structural MRI findings, consistent with neurodegeneration, indicate that the memory decline occurred simultaneously.
Among individuals with stable memory trajectories, sex differentiated groups that differed primarily in baseline level of performance (i.e., ''Stable-High'' versus ''StableLow''). Specifically, women obtained higher age-and education-corrected memory scores at baseline than men [16] . This baseline memory advantage did not translate into different subsequent patterns of decline, as sex did not differentiate between groups with stable versus declining trajectories. Several demographic variables were associated with memory decline versus stability among participants with similar baseline cognitive level (i.e., ''Stable-Low'' versus ''Decliner''), including older age [17] , less education [18] , and race/ethnicity [19] . Among decliners, only older age was associated with more rapid memory decline (i.e., ''Rapid Decliner'' versus ''Decliner''). These findings highlight the importance of incorporating rates of cognitive decline, not just cognitive level, in cognitive aging Strengths of this empirically-guided approach to trajectory grouping include the large number of well-characterized, educationally diverse and multi-ethnic older adults, as previous work was conducted in samples that were smaller and more homogeneous with regard to age [3] and/ or other demographics [3, 4] , and life experiences [4] . Thus, this study allowed for a more comprehensive investigation of the relationships between demographics, including race/ethnicity, and memory trajectories. In addition, the availability of longitudinal MRI and consensus diagnoses of incident dementia in the current study provided validation of memory trajectory subgroups against markers of brain pathology and clinical disease measured concurrently. A novel finding of this study was that even the highest-performing group that, on average, exhibited a relatively stable memory trajectory contained individuals who converted to dementia. Future research should explore whether the predictors of incident dementia differ for this highly select subgroup.
This study demonstrates the heterogeneity of cognitive aging. Most elderly maintain cognitive function as they age, with a subset exhibiting differing rates of pathological decline. Growth mixture modeling can be used to guide subgrouping of older adults based on longitudinal memory trajectories, which are sensitive to both clinical disease and underlying neurodegeneration. The use of cognitive trajectory phenotypes to identify risk and protective factors for LOAD prior to the clinical diagnosis would be a worthwhile endeavor. Such work would allow clinicians to make more individualized prognoses based on a patient's unique cognitive history when evaluating dementia risk. 
